
Designing Biomimic Two-Dimensional Ionic
Transport Channels for Efficient Ion Sieving
Mengchen Zhang,* Pengxiang Zhao, Peishan Li, Yufan Ji, Gongping Liu,* and Wanqin Jin

Cite This: ACS Nano 2021, 15, 5209−5220 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Ion transport is crucial for biological systems and
membrane-based technologies from both fundamental and
practical aspects. Unlike biological ion channels, realizing
efficient ion sieving by using membranes with artificial ion
channels remains an extremely challenging task. Inspired by
biological ion channels with proper steric containment of target
ions within affinitive binding sites along the selective filter,
herein we design a system of biomimic two-dimensional (2D)
ionic transport channels based on a graphene oxide (GO)
membrane, where the ionic imidazole group tunes the
appropriate physical confinement of 2D ionic transport
channels to mimic the confined cavity structures of the
biological selectivity filter, and the ionic sulfonic group creates a favorable chemical environment of 2D ionic transport
channels to mimic the affinitive binding sites of the biological selectivity filter. As a result, the as-fabricated ionic GO
membrane demonstrates an exceptional K+ transport rate of ∼1.36 mol m−2 h−1 and competitive K+/Mg2+ selectivity of ∼9.11,
outperforming state-of-the-art counterparts. Moreover, the semiquantitative studies of ion transport through 2D ionic
transport channels suggest that efficient ion sieving with the ionic GO membrane is achieved by the high diffusion and
partition coefficients of hydrated monovalent ions, as well as the large energy barrier and limited potential gradient of
hydrated divalent ions encountered.
KEYWORDS: two-dimensional membranes, ionic transport channels, biomimic, ion sieving, transport mechanisms

INTRODUCTION

Ultrafast and selective ion transport is fundamental in many
areas of science and technology.1,2 In particular, the fit-for-
purpose ion sieving is a critical process for retrieving water,
extracting minerals, and capturing energy and is promising for
addressing compelling issues in environmental-, resource-, and
energy-related fields.3−6 For example, for water purification,
ion sieving enables selective dislodging of specific pollutants
while retaining desired ions to match the treated water to the
quality needed for its intended use for drinking, irrigating, or
industrial cooling.5 Moreover, for element extraction, ion
sieving allows for the sustainable enrichment and extraction of
Li+ from brine and seawater to address the urgent market
demand of the energy-critical element of lithium for Li-ion
batteries and electronic devices.6

Compared with the conventional technologies, membrane-
based technology has been a clean, reliable, and affordable
method of ion sieving.2,3 Extensive research has been devoted
to imitating advanced membranes with artificial ion chan-
nels.7−14 For instance, Liu and co-workers developed a track-
UV technique to produce a high density of uniformly sized
nanopores in polymer films for fast ion sieving.7,8 Shen and

collaborators presented target ion-controlled multilayer mem-
branes with ion exchange sites for efficient ion extraction.9,10

Wang and colleagues reported ultrathin metal organic
framework membranes with pore structures composed of
sub-nanometer-sized windows and nanometer-sized cavities for
selective ion separation.11 Emerging two-dimensional (2D)
laminar membranes with numerous well-defined 2D nano-
channels approaching the ionic scale are highly desirable for
constructing artificial ion channels.12−14 Exemplified by
graphene oxide (GO) membranes, flexibly tunable 2D
interlayer spaces can readily serve as fast and selective
nanochannels for ion transport.15−17 However, the compro-
mise between permeability and selectivity limits the ion sieving
performance of GO membranes.18 For example, a GO
membrane with a relatively large interlayer spacing enables
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an ultrafast K+ transport rate reaching 2.0 mol m−2 h−1 but
negligible K+/Mg2+ selectivity of just ∼1,16 whereas a GO
membrane with a relatively narrow interlayer spacing exhibits
K+/Mg2+ selectivity up to ∼2000 but a very low K+ transport
rate of ∼0.007 mol m−2 h−1.19

Because most current membranes with artificial ion channels
are primarily based on a single size-sieving mechanism that
struggles to precisely distinguish small ions by their sub-
angstrom difference in hydrated radii, it is imperative to
establish a holistic approach with molecular-level design to
rationally engineer artificial ion channels on the basis of
multiple transport mechanisms.20 Fortunately, biological ion
channels with the marvelous function of intelligently managing
the flow of ions across cellular membranes allow for ingenious
prototypes for artificial ion channel engineering.21−23 The
representative works of MacKinnon et al. elucidate that the
potassium channel KcsA specifically allows ultrafast K+

conduction of up to ∼108 ions per second and ultrahigh K+/
Na+ selectivity of more than 1000, due to its selectivity filter

where the cavity size is a good match to K+, and the oxygen-
lined binding sites have a high affinity for K+.21−23 Such
exquisite architectures of biological ion channels inspire us to
mimic their structure and feature to design and reform artificial
ion channels by coupling proper geometry and chemistry
configurations for gaining improved ion sieving properties.
Herein, we prepare a system of biomimic 2D ionic transport

channels based on a GO membrane by embedding the selected
ionic molecule with specific ionic sites to study the biological
function of efficient ion sieving. As illustrated in Figure 1, the
ionic imidazole group tunes the appropriate physical confine-
ment of 2D ionic transport channels to mimic the confined
cavity structures of the biological selectivity filter, and the ionic
sulfonic group creates a favorable chemical environment of 2D
ionic transport channels to mimic the affinitive binding sites of
the biological selectivity filter. As a result, the as-fabricated
ionic GO (i-GO) membrane demonstrates an exceptional K+

transport rate of ∼1.36 mol m−2 h−1 and competitive K+/Mg2+

selectivity of ∼9.11, outperforming state-of-the-art counter-

Figure 1. Biomimic 2D ionic transport channels for efficient ion sieving. The ionic imidazole group controls the appropriate physical
confinement of 2D ionic transport channels to suppress the transport of hydrated divalent ions (Mg2+). The ionic sulfonic group creates a
favorable chemical environment for 2D ionic transport channels to promote the transport of hydrated monovalent ions (K+).

Figure 2. Microstructural characteristics of pristine GO and i-GO membranes. (a) 13C NMR spectra of 1-butylsulfonate-3-
methylimidazolium in D2O. AFM images and corresponding height profiles of (b) GO and (c) i-GO nanosheets. SEM images of the (d)
cross-section and (e) surface of the i-GO membrane. EDS mapping images of the (f) N (red) and (g) S (green) of the i-GO membranes.
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parts. Combining permeation experiments and theoretical
predictions with the solution-diffusion model modified with
electrical double layer theory, we systematically explore the
transport behaviors of water and hydrated ions within 2D ionic
transport channels, and semiquantitatively determine the
contributions of channel size, wettability, and charge effects
in controlling selective ion transport through the i-GO
membrane. The efficient sieving of monovalent/divalent ions
with the i-GO membrane is achieved by the high diffusion and
partition coefficients of hydrated monovalent ions, as well as
the large energy barrier and limited potential gradient of
hydrated divalent ions encountered.

RESULTS AND DISCUSSION
Physicochemical Characteristics of the i-GO Mem-

brane. By imitating the biological ion channels with the
proper steric containment of target ions within affinitive
binding sites along the selective filter, we selected 1-
butylsulfonate-3-methylimidazolium as a proof-of-concept
ionic molecule to decorate specific ionic sites of GO
nanosheets to fabricate the i-GO membrane with biomimic
2D ionic transport channels. The ionic imidazole group is
expected to control the physical confinement of 2D ionic
transport channels, and the ionic sulfonic group is promising
for tailoring the chemical environment of 2D ionic transport
channels, together contributing to the ion sieving performance
of the i-GO membrane. The NMR spectrum (Figure 2a)
confirms the molecular structure of the ionic molecule
containing ionic imidazole and sulfonic groups. AFM images
and corresponding height profiles (Figure 2b,c) indicate the
thicknesses of GO and i-GO nanosheets to be ∼1 nm and ∼3
nm, respectively, suggesting that ionic molecules with

abundant ionic sites firmly and homogeneously attach to the
single layer of GO nanosheets forming a continuous ionic
interface.2 Then, the i-GO membrane was fabricated by
assembling the i-GO nanosheets on a porous polyacrylonitrile
substrate via vacuum filtration.24 The intermolecular inter-
actions between ionic molecules and GO nanosheets induce
their self-assembly in parallel to form the regular hierarchical
architecture of the i-GO membrane.2 As revealed by a series of
morphological characterizations (Figure 2d,e and Supporting
Information Figures S1−S3), the i-GO membrane appeared to
have a typical uniform 2D laminar structure. The EDS
mapping images of the i-GO membranes for N and S
determination further prove the existence of well-distributed
ionic imidazole and sulfonic groups in the membrane (Figure
2f,g and Figure S4).25

To clarify the compositional properties of the i-GO
membrane, XPS analysis was performed. The XPS survey
scan of the i-GO membrane demonstrates that the atomic
ratios of N and S in the typical i-GO membrane were 1.99%
and 0.86%, respectively, with an actual ionic molecule content
of ∼10.3 wt % (Figure S5 and Table S1). Comparing the XPS
C 1s spectra of the pristine and i-GO membranes displays that
additional peaks at ∼286.4 and ∼285.2 eV corresponding to
C−N and C−S bonds appear for the i-GO membrane (Figure
S6).25 The XPS N 1s and S 2p spectra of the i-GO membrane
also show characteristic peaks assigned to imidazole and
sulfonic moieties, respectively (Figure S7).26 The FTIR spectra
(Figure 3a) of pristine GO and i-GO membranes exhibit
skeletal vibrations at ∼1628 cm−1 associated with pristine
graphite domains, and typical bands at 3200−3400, ∼1730,
∼1400, and ∼1075 cm−1 are derived from associated hydroxyl
groups (-OH), carbonyl and carboxylic groups (CO),

Figure 3. Physicochemical characteristics of pristine GO and i-GO membranes. (a) FTIR spectra of pristine GO and i-GO membranes. (b)
XRD patterns of pristine GO and i-GO membranes in dry and wet states. (c) Simulation snapshots used to calculate the binding energies
between the ionic imidazole group and GO nanosheet. (d) Water contact angles of pristine GO and i-GO membranes. (e) Water sorption
capacity of pristine GO and i-GO membranes monitored by QCM. (f) Simulation snapshots used to calculate the binding energies between
ionic sulfonic groups and water molecules.
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hydroxyl group (C−OH), and epoxy groups (C−O−C),
respectively.27 Newly appeared characteristic peaks of the i-GO
membrane at ∼3140, ∼1645, ∼1580, and ∼1180 cm−1 can be
ascribed to aliphatic N−H, C−N, and CN stretching of the
imidazole ring and SO stretching of the sulfonic group,
respectively.25 Note that the red shift of the N−H stretching
vibration (from ∼3160 to ∼3140 cm−1) and the blue shift of
the CO stretching vibration (from ∼1730 to ∼1745 cm−1)
are indicative of π−π/cation−π and electrostatic interactions

between negatively charged GO sheets and positively charged
ionic imidazole groups.28

Attributable to decorating specific ionic sites, the physical
confinement of 2D GO nanochannels can be meticulously
tuned. As revealed in the XRD patterns (Figure 3b and Figure
S8), the pristine GO membrane yielded a d-spacing of ∼8.4 Å,
which increased to ∼11.1 Å after immersion in water. This
apparently expanded channel size of the pristine GO
membrane is due to the ubiquitous swelling phenomenon.

Figure 4. Ion sieving performance of pristine GO and i-GO membranes. Ions permeating through (a) pristine GO and (b) i-GO membranes
over time. (c) Transport rates of ions through the i-GO membrane as a function of their hydrated radii. (d) Water and monovalent ion
transport rates of pristine GO and i-GO membranes. (e) Monovalent/divalent and monovalent/trivalent ion selectivities of pristine GO and
i-GO membranes. (f) Performance comparison of monovalent ion permeability versus monovalent/divalent ion selectivity for representative
GO-based membranes. Detailed information can be found in Table S3.
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Water molecules fully fill the membrane interlayer and stretch
its interlayer spacing, which will seriously impair the ion-
exclusion capability of GO membranes.25 Notably, the i-GO
membrane underwent no distinct structural changes with a
mild d-spacing expansion from ∼8.5 to ∼9.3 Å under the same
immersion conditions. This results from the ionic imidazole
group that establishes effective π−π/cation−π and electrostatic
coupling interactions to interlock GO laminates, which could
enhance the size-sieving property and structural stability of the
i-GO membrane in aqueous solution.25 Sufficient intermolec-
ular interactions are quantified with a binding energy of
−60.62 kJ mol−1 between the ionic imidazole group and GO
nanosheet as calculated by DFT simulation (Figure 3c),
confirming that the ionic imidazole group stabilizes and
controls the appropriate physical confinement of 2D ionic
transport channels, which is expected to benefit the precise
exclusion of hydrated divalent ions.28

In addition to regulating physical structures, decorating
specific ionic sites would also delicately tailor the chemical
environment of 2D GO nanochannels. Compared with the
pristine GO membrane, the i-GO membrane showed a more
negative charge with a ζ potential of −31.8 mV (Figure S9)
and a better water wettability with a contact angle of 36.1°
(Figure 3d and Figure S10), which can be attributed to the
strong deprotonation ability and water affinity of ionic sulfonic
groups.29,30 The water uptakes of the pristine GO and i-GO
membranes were monitored by QCM after exposure to water
vapor (Figure 3e). The surface of the i-GO membrane
captured a large amount of water molecules, so that it achieved
9-fold enhancement of water vapor uptake of ∼10.69 μg cm−2

over the pristine GO membrane. This observation highlights
the pivotal role of ionic sulfonic groups in offering strong water
sorption ability of the i-GO membrane for preferential water
permeations.29 The binding energy of −31.34 kJ mol−1

between the ionic sulfonic group and water molecule
calculated by DFT simulations (Figure 3f) further validates
the presence of water molecules surrounding the ionic sulfonic
groups to create a hydrophilic chemical environment of 2D
ionic transport channels, which is assumed to promote the fast
permeation of water as well as hydrated monovalent ions.31

Ion Sieving Performance of the i-GO Membrane. The
ion sieving performance of the pristine GO and i-GO
membranes was systemically studied using a wide range of
saline-containing ions with varying hydrated diameters and
charged properties (Figure S11). Panels a and b of Figure 4
show ion permeation through pristine GO and i-GO
membranes with an approximately linear dependence between
ions permeated and the elapsed time with a concentration
gradient. It can be clearly observed that monovalent ions
permeated through the membranes at higher rates than
multivalent ions, and such an experimental phenomenon is
more obvious for the i-GO membrane.
Figure 4c presents the transport rates (indicated by the slope

of the permeation curves) of different ions through the i-GO
membrane. As calculated from the XRD results (Figure 3b),
the empty spacing of the hydrated i-GO membrane is
estimated to be ∼5.9 Å (since graphene thickness of ∼3.4 Å
accounts for a part of the d-spacing32), which is larger than the
crystal diameters of all of the tested ions but smaller than their
hydrated diameters (Table S2). When ions enter the confined
2D ionic transport channels, their hydration shell will
reorientate or lose partial water molecules.33 For different
ion types, the higher the ionic charge is, the stronger it attracts

water molecules.19 With the increase of the radius of bare ion
with the same charge, hydrated radius will decrease due to the
charge dispersing, the larger coordination number, and the
higher hydration free energy.31 Therefore, the transport rates
of the tested ions through the i-GO membrane show a clear
correlation with the ionic valence and hydrated radius of these
ions, following an order of monovalent ions (K+, Na+, and Li+)
> divalent ions (SO4

2−, Ca2+, Cu2+, and Mg2+) > trivalent ions
(PO4

3− and Fe3+).
Figure 4d compares the transport rates of water and

monovalent ions through pristine GO and i-GO membranes.
The transport rates of water through the i-GO membrane
reached an impressively high value of ∼427.2 mol m−2 h−1,
greatly surpassing that of the pristine GO membrane by over 4
times. We attribute the highly enhanced water transport rate of
the i-GO membrane to the excellent water capture ability of
the ionic sulfonic groups in 2D ionic transport channels.29

Meanwhile, the transport rates of monovalent ions through the
i-GO membrane (K+, Na+, and Li+ exhibit transport rates of
∼1.36, ∼1.24, and ∼1.29 mol m−2 h−1, respectively) were also
2−3-fold faster than those of the pristine GO membrane This
exciting observation shows that such preferential water
permeation through the 2D ionic transport channels due to
ionic sulfonic groups also works for hydrated ions with
hydration shells, which corroborates the significantly increased
monovalent ion permeation of the i-GO membrane.31 Notably,
for divalent ions with hydrated diameters similar to the 2D
ionic transport channel size, they are affected by not only the
ionic sulfonic groups controlled preferential water permeation
effect but also the ionic imidazole groups controlled steric
hindrance exclusion effect. Therefore, the i-GO membrane
stabilized by ionic imidazole groups maintains the proper
interlayer spacing of 2D ionic transport channels in the
hydrated state,25 suppressing the accelerating trend of divalent
ions permeation without hindering that of monovalent ions
permeation. On account of these factors, the i-GO membrane
reveals outstanding ion sieving properties. As indicated in
Figure 4e, the K+/Ca2+, K+/Cu2+, K+/Mg2+, and K+/Fe3+

selectivities of the i-GO membrane were dramatically
improved (K+/Ca2+, K+/Cu2+, K+/Mg2+, and K+/Fe3+ ex-
hibited selectivities of ∼6.44, ∼8.93, ∼9.11, and ∼28.29,
respectively), achieving more than twice that of the pristine
GO membrane.
The plot in Figure 4f compares the performance of

monovalent ion permeability to monovalent/divalent ion
selectivity for state-of-the-art GO-based membranes. Inter-
calation and cross-linking strategies have been extensively
studied to improve the ion sieving performance of GO
membranes.34 On the one hand, the intercalated GO
membranes35−37 improve the permeability rather than the
selectivity. The intercalation strategy can only provide wider
transport pathways for permitting fast ion permeation but can
hardly have any positive effects on promoting precise ion
discrimination. On the other hand, the cross-linked GO
membranes38−40 enhance the selectivity rather than the
permeability. The cross-linking strategy is likely to reduce
the interlayer spacing, which would promote the ion sieving
capability but would also impair the ion transport efficiency. In
contrast, the i-GO membrane in this work obtains a good
balance between permeability and selectivity, since the rational
introduction of specific ionic sites mimics the structure and
feature of biological ion channels that exploit the precise
physical confinement of 2D ionic transport channels to ensure

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c10451
ACS Nano 2021, 15, 5209−5220

5213

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10451/suppl_file/nn0c10451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10451/suppl_file/nn0c10451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10451/suppl_file/nn0c10451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10451/suppl_file/nn0c10451_si_001.pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c10451?ref=pdf


divalent ion exclusion, as well as the hydrophilic chemical
environment of 2D ionic transport channels to facilitate
monovalent ion permeation.23 By virtue of the synergistic
effects of the two factors, the i-GO membrane exhibited
comparable ionic selectivity (K+/Mg2+ selectivity of ∼9.11)
and outperformed other counterparts in terms of monovalent
ion permeability (K+ transport rate of ∼1.36 mol m−2 h−1),
overcoming the permeability/selectivity trade-off.18 However,
at present, there is still great disparity in ion selectivities
between artificial membranes and biological membranes (K+

transport rate of ∼6 mol m−2 h−1 and K+/Na+ selectivity of
∼1000).21−23 Imitating the ingenious natural prototypes
directs the future design of artificial membranes to pursue
ultrahigh ion sieving performance similar to that of biological
membranes.

To understand the effect of the inherent functions of i-GO
membranes on their ion sieving performance, we altered the
loading amount of GO and the content of ionic molecules
(Figures S12 and S13). As the GO loading amount increased,
the water and K+ transport rates exhibited a continuous
downward trend owing to the increased transport resistance,
and the K+/Mg2+ selectivity first increased and then plateaued
as it reached the intrinsic selectivity of a defect-free GO
membrane (Figure 5a). This observation is indicative of the
formation of well-assembled GO laminates that supply a
suitable platform for subsequent manipulation.24 After
introducing ionic molecules into GO laminates, the i-GO
membrane demonstrated simultaneous increases in water and
K+ transport rates as well as K+/Mg2+ selectivity, showing the
indispensable roles of specific ionic site decoration in creating

Figure 5. Ion permeation through i-GO membranes under varied conditions. Water and K+ transport rates with K+/Mg2+ selectivity for the
(a) pristine GO membranes with different GO loading amounts and (b) i-GO membranes with different amounts of added ionic molecules.
(c) Water and K+ transport rates with K+/Mg2+ selectivity achieved for the pristine GO and i-GO membranes with feeding a mixed ion
solution of 0.25 M KCl/0.25 M MgCl2. Water and K+ transport rates with K+/Mg2+ selectivity for the i-GO membranes with different (d) ion
concentrations and (e) pH values. (f) Activation energy barriers for water (insert) and ion permeation through the i-GO membrane.
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physically confined and hydrophilic 2D ionic transport
channels for realizing efficient ion sieving (Figure 5b).
Mixed ion sieving experiments were carried out by feeding a

mixed ion solution of 0.25 M KCl/0.25 M MgCl2 (Figure 5c).
The competitive relationship between K+ and Mg2+ transport
in confined GO nanochannels makes the separation of mixed
ions a challenging task.41,42 As a result, the pristine GO
membrane showed obviously decreased water and K+ transport
rates and almost lost its ionic selectivity toward K+/Mg2+. The
sharp drops in the ion sieving performance of the pristine GO
membrane under mixed ion conditions are ascribed to the
insertion of substantial Mg2+ inside the GO interlayer, which
severely disturbs the structure of GO nanochannels and

hinders the transport of water and K+. In contrast, the i-GO
membrane maintained the physical confinement of hydrophilic
2D ionic transport channels to reject Mg2+ without impeding
water and K+ transport, thus maintaining the original high
permeability and selectivity in mixed ion separation with only a
slight reduction within an acceptable range.
We also performed pressurized nanofiltration experiments to

validate the usability of the i-GO membrane. Figure S14
displays the water permeance and salt rejection of pristine GO
and i-GO membranes for KCl, MgCl2, and K2SO4 solutes. We
found the pristine GO membrane had a moderate water
permeance (6−9 L m−2 h−1 bar−1) and can hardly reject ions
(15−40%). Fortunately, the i-GO membrane improved both

Figure 6. Theoretical model of water and ion permeation through pristine GO and i-GO membranes. (a) Water diffusivity and solubility of
pristine GO and i-GO membranes based on the solution-diffusion model. (b) Simplified schematic illustration of the electrical double layer
structure with simulated potential and (c) ionic concentration profiles for the electrical double layers of pristine GO and i-GO membranes in
MgCl2 solutions in the steady state. (d) Predicted ion permeation driven by the concentration and potential gradients of pristine GO and i-
GO membranes based on the solution-diffusion model modified by electrical double layer theory.
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water permeance and salt rejection, showing a high water
permeance of ∼20 L m−2 h−1 bar−1 with a good K2SO4
rejection of ∼86%. The stable desalination performances
demonstrate the availability of attractive functions of 2D ionic
transport channels with ionic sites under the pressurized
filtration process (Figure S15). These results endow the i-GO
membrane with tremendous potential to be applied for
different ion separation requirements in the fields of water
purification, element extraction, and energy conservation.
Apart from the above intrinsic merits of the i-GO

membrane, the properties of ion solutions can also affect the
resulting ion sieving efficiency. We varied the feed conditions,
including the ion concentration, pH, and temperature, to
explore these external influences on ion permeation through
the i-GO membrane (Figures S16−S18). As shown in Figure
5d, as the ion concentration increased from 0.01 to 1 M, the
concentration driving force increases accordingly to promote
K+ permeation. During this process, the osmotic pressure of
the external solution is higher than that of the inner
membrane, which causes shrinkage of 2D ionic transport
channels,43 reducing the water transport rate but increasing the
K+/Mg2+ selectivity of the i-GO membrane. As revealed in
Figure 5e, we observe a similar tendency in which the water
transport rate decreases while the K+/Mg2+ selectivity increases
as the pH of the ion solution decreases from 7 to 2, which is
reasonable since a low pH value is associated with high ionic
strength and exacerbates the compression of 2D ionic
transport channels.43 Moreover, the existence of excess
hydronium ions competitively suppresses the deprotonation
of functional groups, thereby primarily occupying 2D ionic
transport channels,44 which gives rise to the decrease in K+

permeability.
The thermodynamic properties of ion permeation through

the i-GO membrane were analyzed by temperature-dependent
measurements. The activation energy barriers of ion
permeation can be calculated according to the Arrhenius
equation,3 which describes the difficulty of hydrated ions
entering and passing through confined 2D ionic transport
channels while undergoing a process of deforming their
surrounding hydration shells. As indicated in Figure 5f, the
activation energy barriers for K+ and Mg2+ permeation through
the i-GO membrane under conventional neutral conditions are
4.03 and 11.96 kcal mol−1, respectively, which are in agreement
with the general rule that the energy barriers for ion transport
sharply increase with increasing their radii and valences.19

Moreover, the compressed 2D ionic transport channels under
low-pH conditions further give rise to the exponentially
growing energy barriers for the permeation of Mg2+ with a
relatively large hydrated radius. This increase in the energy
barrier for ions encountering narrowed channels is less
sensitive for K+ with a relatively small hydrated radius, which
explains the increase in K+/Mg2+ selectivity as the pH of the
ion solution decreases from 7 to 2. However, it is counter-
intuitive that the energy barrier for water permeation through
the i-GO membrane (1.52 kcal mol−1) with a hydrated d-
spacing of ∼9.3 Å is significantly lower than that through the
pristine GO membrane (3.35 kcal mol−1) with a hydrated d-
spacing of ∼11.1 Å, which seemingly contradicts the normal
phenomenon in which a small channel size induces a high
energy barrier. We hypothesize that the ionic sulfonic groups
in the i-GO membrane create hydrophilic transport pathways
that are capable of boosting water permeation. Specifically, rich
ionic sulfonic groups with outstanding water capturing ability

within 2D ionic transport channels form a network of
hydrogen bonds with water molecules, resulting in ideal
energetic and entropic conditions for fast water and hydrated
small ion transport along hydrophilic 2D ionic transport
channels through the i-GO membrane.

Transport Mechanisms of the i-GO Membrane. As
demonstrated above, we mimic the principles of the working
mechanisms of biological ion channels to design and prepare
biomimic 2D ionic transport channels with both appropriate
physical confinement and favorable chemical environments
based on a GO membrane to achieve the biological function of
efficient ion sieving. The excellent ion sieving performance of
the as-fabricated i-GO membrane presumably benefits from
two aspects: the abilities to (1) exactly control the 2D ionic
transport channel size to obtain the right size to accommodate
small hydrated monovalent ions but block large hydrated
divalent ions and (2) exquisitely tailor the 2D ionic transport
channel functionality to obtain favorable wettability/charges to
further promote the capability of water and hydrated
monovalent ions to enter and pass through the channels. To
further establish an in-depth understanding of the underlying
mechanisms, including the effects of channel size, wettability,
and charge, we depicted the transport behaviors of water and
hydrated ions through pristine GO and i-GO membranes
based on the solution-diffusion model.44,45

The predicted water transport rate through membranes was
quantified by deconvolving water permeability (Pw) into the
product of the diffusion coefficient (Dw) and the partition
(sorption) coefficient (Kw). As indicated in Figure 6a, despite
its relatively narrow channel size, the i-GO membrane yields
comparable water diffusivity on account of the lower activation
energy barrier for water transport. Meanwhile, the superb
water sorption capability of the i-GO membrane enables it to
achieve a favorable water partition coefficient, exceeding that of
the pristine GO membrane by 6-fold. The predicted water
permeation of pristine GO and i-GO membranes is in good
agreement with the experimental results (Table S4),
demonstrating that water flow primarily occurs along 2D GO
nanochannels with acceptable deviations arising from cross-
layer shortcuts.3 This proposed model clarifies the individual
contributions of diffusivity and solubility to the water
permeation properties. The i-GO membrane shows much
diffusivity and noticeably improved solubility with respect to
that of the pristine GO membrane, indicating that fast water
permeation is dominantly facilitated by the good water
solubility derived from the hydrophilic 2D ionic transport
channels of the i-GO membrane.
The solution-diffusion model is also valid for ion permeation

by supposing that hydrated ions are special water clusters.46

However, the contribution of the charge effect to ion transport
cannot be ignored especially for divalent ions undergoing
considerable electrostatic interactions with charged GO
membranes.30 Herein, we modified the solution-diffusion
model with electrical double layer theory to predict that
divalent ion permeation is simultaneously driven by both
concentration and potential gradients. According to the
Gouy−Chapman−Stern theory, excessive negative charges on
the membrane surface attract cations and repel anions in the
neighboring bulk solution, forming an electrical double
layer.47,48 We applied the commercial tool COMSOL
Diphysics to solve a class of Poisson−Nernst−Planck
equations and obtain the simulated potential and ionic
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concentration at the charged membrane surface in the steady
state (Figure 6b,c).49

The predicted ion permeation of the pristine GO and i-GO
membranes is delineated in Figure 6d. For monovalent ion
(K+) transport, K+ possesses a high diffusion coefficient due to
its small hydration radius. Moreover, the i-GO membrane with
ionic sulfonic groups creates a hydrophilic chemical environ-
ment of 2D ionic transport channels to enhance water affinity,
further making K+ yield a high partition coefficient. Therefore,
the i-GO membrane achieved a high K+ transport rate, almost
three times that of the pristine GO membrane. For divalent ion
(Mg2+) transport, considering the non-negligible charge effect,
the permeation of Mg2+ can be determined by aggregating the
contributions of concentration and potential gradients. On the
one hand, Mg2+ has a high charge density and a larger
hydration shell than K+ due to stronger attraction, so Mg2+

exhibits a low diffusion coefficient. The i-GO membrane with
ionic imidazole groups controls the appropriate physical
confinement of 2D ionic transport channels to increase steric
hindrance, thus inducing Mg2+ to encounter a large energy
barrier at membrane entrance, which restricts its intake. On the
other hand, despite the adverse effect of negatively charged
membranes on the exclusion of Mg2+, the electrolyte potential
is not as high as anticipated due to inevitable charge screening,
which probably leads to less-than-expected charge effects.
Indeed, the potential gradient derived Mg2+ permeation
performances of pristine GO and i-GO membranes are very
similar. As a consequence, benefiting from the rational design
of 2D ionic transport channels with tailor-made physicochem-
ical characteristics, the i-GO membrane has high K+ diffusion
and partition coefficients to boost K+ transport but has a
significant energy barrier and limited potential gradient of
Mg2+ to inhibit Mg2+ transport, together leading to
extraordinary K+/Mg2+ selectivity (Figure 1).
Overall, combining permeation experiments and theoretical

predictions with the solution-diffusion model modified with
electrical double layer theory, we systematically explored the
transport behaviors of water and hydrated ions through 2D
ionic transport channels and determined the contributions of
channel size, wettability, and charge effects in controlling
selective ion transport through the i-GO membrane. These
related parameters are summarized in Table S5. Finally, note
that the studies of selective water and ion transport proposed
herein are performed semiquantitatively from the classic views
of the membrane transportation process. In fact, the
unconventional behaviors of nanoconfined hydrated ions
strongly involve their complex interactions with each other
as well as with distinct ionic sites on channel walls.50−52 More
efforts are required to develop advanced characterization and
simulation tools to deeply explore the transport phenomena
occurring within confined ion channels in the future.

CONCLUSION
In summary, by imitating the structure and feature of biological
ion channels, we strategically embedded the selected ionic
molecule with specific ionic sites to engineer biomimic 2D
ionic transport channels based on GO membranes and pursue
the biological function of efficient ion sieving. Specifically, the
ionic imidazole group assists in controlling the precise physical
confinement of 2D ionic transport channels to ensure divalent
ion exclusion, and the ionic sulfonic group accounts for
creating a favorable chemical environment for 2D ionic
transport channels to facilitate monovalent ion permeation.

The as-fabricated i-GO membrane overcame the trade-off
between permeability and selectivity, and demonstrated an
exceptional K+ transport rate of ∼1.36 mol m−2 h−1 and
competitive K+/Mg2+ selectivity of ∼9.11, exhibiting great
potential for use as ultrafast ion sieves for water purification
and ion separation. The selective transport of monovalent/
divalent ions can be attributed to the i-GO membrane
exhibiting high K+ diffusion and partition coefficients to
boost K+ transport as well as the significant energy barrier and
limited potential gradient of Mg2+ to inhibit Mg2+ transport.
We anticipate that our strategy of rationally designing
biomimic 2D ionic transport channels will offer promising
avenues for the future development of advanced membranes
with artificial ion channels for highly efficient ion sieving.

METHODS
Materials. GO aqueous dispersion with diameter of 20−30 μm

and thickness of ∼1 nm was purchased from GaoxiTech Co., Ltd.
(China). 1-Butylsulfonate-3-methylimidazolium (CAS Reg. No.
179863-07-1; MW, 218.27 Da) was supplied by Centre for Green
Chemistry and Catalysis, Lanzhou Institute of Chemical Physics,
Chinese Academy of Science. The flat-sheet polyacrylonitrile (PAN)
ultrafiltration membrane with a cutoff of 100000 Da was obtained
from Shandong MegaVision Membrane Technology & Engineering
Co., Ltd. (China). KCl, NaCl, LiCl, CaCl2, CuCl2, MgCl2, K2SO4,
FeCl3, and K3PO4 were purchased from Sinopharm Chemical Reagent
Co., Ltd. (China) and used as received without further purification.
Deionized water was generated in the laboratory and used in all of the
preparation and evaluation experiments.

Membrane Preparations. GO aqueous dispersion was diluted
with deionized water followed by ultrasonication for 30 min to get
stable and homogeneous GO suspension with concentration of 0.2
mg mL−1. Then, an ionic molecule (1-butylsulfonate-3-methylimida-
zolium) was added into the GO suspension under vigorous stirring for
30 min. The GO loading amount varied from 1 to 5 mg, and the ionic
molecule adding amount altered from 0.5 to 2 g. In a typical
preparation of the i-GO membrane, the GO loading amount is 2 mg
and the ionic molecule adding amount is 1 g. The resultant mixture
was filtered on a PAN substrate by vacuum filtration to obtain the i-
GO membrane with the effective diameter of 4.0 cm. Pristine GO
membrane was prepared following the same procedure with the
absence of ionic molecule. All of the as-prepared membranes were
dried and solidified overnight at 40 °C in vacuum before use.

Characterizations. Molecular structure of the ionic molecule was
determined by nuclear magnetic resonance spectrometry (NMR,
AVANCE 400, Bruker, Germany). Lateral sizes of nanosheets and
roughness data of membranes were obtained from atomic force
microscopies (AFMs, Dimension Icon, Bruker, Germany) operated in
the noncontact mode. Membranes’ morphologies and thicknesses
were imaged by field-emission scanning electron microscope (SEM,
Merlin Compact, Zeiss, Germany) with energy dispersive spectros-
copy (EDS) analysis of N and S elements. Chemical composition and
elements distribution of membranes were analyzed using X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific, USA)
and Fourier transform infrared spectra (FTIR, Nicolet iS10, Thermo
Scientific). Interlayer spacing of membranes was examined by X-ray
diffraction (XRD, D8 Advance, Bruker). Membrane surface water
contact angle was tested by drop shape analyzer (DSA 100, Kruss,
Germany). Sorption capability of membranes toward water was
characterized by quartz crystal microbalance (QCM, QCM200,
Stanford Research Systems, USA). The charge properties of
membranes were analyzed through streaming ζ potential measure-
ment (SurPASS Electrokinetic Analyzer, Anton Paar GmbH, Austria).
Concentrations of single- and mixed-ions solution were measured by
conductivity meter (FE28-Standard, Mettler Toledo, Switzerland)
and ion chromatography (Dionex ICS-5000, Thermo Scientific)
respectively.
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Permeation Experiments. The permeation experiments were
conducted with a homemade two-compartment permeation glass cell.
The membrane was mounted between the two compartments with an
inner diameter of 2.5 cm. A 50 mL portion of ion solution with
concentration of 0.5 mol L−1 and the same amount of deionized water
were simultaneously injected into the feed and permeate sides,
respectively, under constant mechanical stirring (AM110W-O,
ANGNI, China) at 500 rpm to eliminate concentration polarization.
A long permeation time of 8 h was set to eliminate the adsorption
effect on GO membranes over ions permeation test. The water and
ions permeation rates data were recorded after the adsorption−
saturation of ions in GO membranes (when the conductivity of the
permeation side measured as a good linear fit with elapsed time).
The weight variation of the feed side was monitored by an

electronic balance to estimate water transport rate as follow

= Δ
Δ

J
m

tM iAw
w (1)

where Jw is the normalized water transport rate, Δm/Δt is weight
variation of unit time, Mw is molecular weight, i is the van’t Hoff
factor, and A is the effective membrane area.
The concentration variation of the permeate side was detected by

conductivity meter to measure the ion transport rate as follows:

=
Δ
Δ

J
cV

tAi
p

(2)

where Ji is ion transport rate, Δc/Δt is concentration variation of unit
time, Vp is solution volume of the permeate side, and A is the effective
membrane area.
The nanofiltration experiments were performed by a self-designed

filtration device at room temperature. A 2 bar transmembrane
pressure was applied during the tests. The water permeance (J, L m−2

h−1 bar−1) and the salt rejection (R,%) were measured using salts (i.e.,
KCl, MgCl2, and K2SO4) in the form of 100 ppm aqueous solutions.
The membranes were first conditioned under nanofiltration operation
for 2 h before permeate samples were collected. Water permeance and
salt rejection are calculated as follows:
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where V is the volume of permeate collected (L), A is the membrane
effective area (m2), t is the permeation time (h), P is the applied
pressure (bar), and cp and cf are the concentrations of the permeate
and feed solutions, respectively.
Calculations. Quantum mechanical calculations were carried out

by the Gaussian16 program. Density functional theory (DFT)
simulation of binding energy was performed with M06-2X density
functional using the 6-31G(d,p) basis set. DFT-D3 correction and
SMD implicit solvent model were employed. The structures of
isolated species and their composites were optimized to reach the
minimum energy state. The binding energy between A and B (Eb) was
described by Eb = EA−B − EA − EB, where EA−B, EA, and EB represent
energies of the A−B composite and isolated A and B species,
respectively.
Electrical double layer simulation of charged membrane was

conducted using COMSOL Diphysics 5.4 program. A one-dimen-
sional model was applied with domain equations as
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where Di is diffusion coefficient, zi is ion valence,Ci is ion
concentration, R is gas constant, T is absolute temperature, F is

Faraday constant, φ is membrane potential, ε is relative permittivity,
and ε0 is vacuum permittivity.

According to solution-diffusion model, water permeability (Pw) can
be expressed as the product of diffusion coefficient (Dw) and partition
(sorption) coefficient (Kw). Assuming that water inside nanochannels
behaves as viscous flow, Dw is described by Hagen−Poiseuille
equation

ε
ητ
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2
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jjj
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(7)

where ε is membrane porosity, r is pore radius, η is water viscosity, τ is
tortuosity factor, and Ed is activation energy barrier.

The membrane porosity (ε) is defined as

ε =
−V V
V

t GO

t (8)

where Vt is the total volume of membrane and VGO is the volume of
GO. Vt and VGO can be calculated as follows:

=V Alt (9)

=V A
l
d

aGO (10)

where A is the effective membrane area, l is membrane thickness, d is
the measured d-spacing, and a is the thickness of single-layer graphene
which is about 3.4 Å. Then, ε can be simplified by substituting eqs 9
and 10 into eq 8

ε = −d a
d (11)

Considering the structural features of two-dimensional straight
diffusion channels in laminar GO-based membrane, the pore radius

(r) is defined as = −r d a
2

and the tortuosity factor (τ) is estimated as
1.

In terms of solubility, the water partition coefficient (Kw) of
membrane is given by comparing the ratio of water concentration in
the membrane to that in bulk solution

φ
=K

M
c Vw
w W

w w (12)

where φw is water uptake, MW is molecular weight, Cw is water
concentration, and Vw is molar volume.

The net flow of water movement in our experiments is driven by
osmotic pressure from the low-concentration solution to the high-
concentration solution. Therefore, according to Fick’s first law, the
water transport rate of the membrane is expressed as

π= Δ = Δ
J P

l
D K

i cRT
lw,predicted w w w (13)

where Δπ is osmotic pressure, i is the van’t Hoff factor, Δc is
concentration difference, and l is membrane thickness.

As suggested by the Stokes−Einstein relationship, diffusivity is
inversely proportional to solute radii. Thus, the diffusion coefficient of
ions (Di) can be deduced by the radii ratio of water and hydrated
ions. Accordingly, the ion transport rate of the membrane driven by
concentration gradient (Ji,concentration) can be written as

= Δ
J D

c
li,concentration i (14)

For the ion transport rate of the membrane driven by potential
gradient (Ji,potential), it involves an electrical double layer and can be
represented on the basis of the Poisson−Nernst−Planck equation

φ= Δ
J D

F
RT

z c
li,potential i i i (15)

where Pi is ion permeability,Ci is ion concentration at steady state, and
Δφ is potential difference at steady state.
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The total ion transport rate determined by aggregating the
contributions of concentration and potential gradients is given by

= +J J Ji,predicted i,concentration i,potential (16)
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